HE diagnosis of peripheral nerve dysfunction has typically relied on clinical features and electrophysiological data. Attempts at imaging peripheral nerve in the past have been hampered by the fact that nerves have x-ray absorptive properties very similar to other soft tissue, thus limiting modalities such as computerized tomography scanning to diagnosis of mass lesions related to peripheral nerve. 5 Initial attempts at using MR imaging to characterize compressive neuropathies proved promising, but were limited by the poor conspicuity of nerve relative to surrounding tissue and the poor signal-to-noise ratio. 3, 9, 13, 17, 21, 22, 25, 27 In recent years the development of MR neurography 10, 11, 14, 15 has heralded an age in which it is now possible to produce high-resolution images of peripheral nerve and to demonstrate lesions associated with these nerves in a variety of diseases. 1, 7, 8, 18 Abnormal results are found on electrophysiological studies in 53 to 98% of patients in whom a clinical diagnosis of carpal tunnel syndrome is made. 23, 24 Surgical release of the nerve is frequently required in patients in whom conservative measures have failed; this consists of the division of the flexor retinaculum, usually after application of a local anesthetic agent. The operation is relatively simple to perform and has a low complication rate; however, despite adequate surgical decompression some patients remain symptomatic. These patients can present a difficult clinical problem, because electrophysiological studies can show abnormal results for some time postsurgery, even in patients who eventually attain symptomatic relief. Thus, in the assessment of patients with continued symptoms postsurgery, the electrophysiological studies cannot always be completely relied on when deciding whether further surgical exploration is required.
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A potential method for gaining more information about the carpal tunnel and the median nerve is MR imaging. This has now been used extensively preoperatively in carpal tunnel syndrome, largely to study the dimensions of the carpal tunnel, 6 but also to examine the dimensions of the median nerve; there is some evidence that the MR findings correlate with the duration and severity of median nerve compression. 16, 26 Work initially performed at our center first showed that by using a T 2 -weighted fat-saturation MR sequence, good-quality pictures of the median nerve could be obtained, with focal areas of compression seen in patients with carpal tunnel syndrome. 15 This was then further investigated in a larger study, in which MR neurography findings were correlated with clinical, electrophysiological, and operative findings, and abnormalities of the nerve were found in 100% of patients with carpal tunnel syndrome. 4 A problem that has not yet been addressed is the confirmation of successful median nerve decompression, and how changes on MR neurography seen before and after surgery might help predict clinical and electrophysiological outcome. We conducted a prospective study in which MR neurography was used both pre-and postoperatively in patients with carpal tunnel syndrome and in which the clinical outcome was correlated with electrophysiological and MR neurography findings.
Clinical Material and Methods

Patient Population
A prospective study was conducted with protocols and consent forms approved by the local ethics and research committee. Thirty patients with electrophysiological evidence of carpal tunnel syndrome in whom conservative measures of treatment had failed and who thus were scheduled for carpal tunnel decompression were recruited; eight age-matched control volunteers were also studied.
The patients included in this study had a mean age of 56 years (control volunteers had a mean age of 49 years); 17 patients were female and 13 were male. Initially, 35 patients were recruited into the study; however, data in five patients were excluded because of motion artifacts. These five patients had all undergone scanning at the outset of the study, and no further problems were encountered once patient positioning and scanning protocols were optimized. In all patients a full clinical and electrophysiological examination of both upper extremities was performed immediately before and 3 months after carpal tunnel decompression. Staging of carpal tunnel syndrome was performed according to the scale proposed by Gelberman, et al., 12 as follows: Stage 1 (early carpal tunnel syndrome)-duration of symptoms less than 1 year, no permanent sensory deficit, and nerve conduction velocity prolonged by less than 2 msec; Stage 2 (intermediate carpal tunnel syndrome)-permanent paresthesia or numbness, and motor latency greater than 3.8 msec; and Stage 3 (advanced carpal tunnel syndrome)-loss of sensory and/or motor function, thenar atrophy.
In addition, all patients underwent an MR imaging/ MR neurography study of the affected wrist before and 3 months after surgery. In the case of bilateral disease, images were obtained on the side in which surgery was planned. All operations were performed after application of a local anesthetic agent; an open procedure was used and in all cases the median nerve was visualized and decompression confirmed. Postoperative outcome was determined by conducting outpatient interviews and through examination by a clinician who was blinded to the imaging and electrophysiological findings. Grading was as follows: excellent, no residual symptoms; good, very mild residual symptoms and improvement in results of sensory and motor examination; fair, improvement but still symptomatic; and poor, no improvement or worse.
Magnetic Resonance Neurography Methods
All scans were performed in a 1-tesla Gyroscan MR imager (Phillips Medical Systems, Eindhoven, The Netherlands) with a 10-cm-diameter surface coil placed on the palmar aspect of the affected wrist with the patient placed prone in the MR imager. The upper limb was positioned such that the median nerve was orthogonal to the MR field B 0 . A T 1 -weighted sequence was used for scouting and planning images. The neurographic sequences consisted of a T 2 -weighted fast-spin echo sequence with fat (short tau inversion recovery) and flow suppression. Sequence parameters were TR = 2000 msec, TE = 60 msec, slices were 3/0.3 mm, and the scan time was 6 minutes. Two sequences were performed: axial slices perpendicular to the median nerve through the carpal tunnel from the distal radius to beyond the hook of the hamate bone, and longitudinal slices oriented along the course of the median nerve through the carpal tunnel. Images were analyzed by an operator blinded to patients' details, who used a Sun workstation (Sun Microsystems, Palo Alto, CA) and Easyvision 4.2 software (Phillips Medical Systems). Three axial image slices were selected for analysis in each patient at three levels relating to the carpal tunnel, the distal radius, and the level of the pisiform bone and at the hook of the hamate. Using the software, measurements were taken from the median nerve, and the cross-sectional area together with the ratio of width/ height (flattening ratio) was measured in millimeters at these three levels. The MR signal of the nerve at three levels was measured by placing a region of interest over the nerve, and it was expressed as a ratio to the hypothenar muscles to avoid variations in signal encountered with surface coils. Multiplanar reformatting was used to construct sagittal images and the median nerve compression was graded on a scale of 1 to 4 (most severe to no compression) as it passed through the carpal tunnel.
Results
Magnetic Resonance Neurography of the Median Nerve
All patients with carpal tunnel syndrome had an abnormal median nerve configuration compared with control volunteers; these results were very similar to those found by Britz, el al. 4 To summarize, these included proximal nerve swelling at the level of the pisiform and distal radius bones in 28 of 30 wrists (p Ͻ 0.0001), increased signal change in proximal nerves in 27 of 30 (p Ͻ 0.001), increased flattening of the distal median nerve in 28 of 30 (p Ͻ 0.003), and loss of nerve signal in distal carpal tunnel in 26 of 30 (p Ͻ 0.05) (Fig. 1) . Most striking was the fact that sagittally reconstructed images enabled us to identify both nerve compression in the carpal tunnel in 27 of 30 patients and prestenotic swelling and hyperintensity (Fig. 2) in comparison with controls (p Ͻ 0.0001).
As shown in Table 1 , no patient included in the study had Gelberman Stage 1 disease (mild), 23 patients had Stage 2 disease (intermediate), and seven had Stage 3 disease (advanced).
Comparison of the preoperative and 3-month postoperative MR neurography images of the median nerve yielded the results summarized in Table 2 . In all 30 patients studied, the median nerve configuration changed after surgery. Changes in the previously described prestenotic nerve included a return toward normal nerve signal in 25 of 30 patients (p Ͻ 0.05) and a reduction in size of the nerve toward control values in 24 of 30 (p Ͻ 0.05). In the distal portion of the carpal tunnel, where the median nerve was seen to be most compressed, the reverse change was seen with a significant increase in both cross-sectional area of the nerve in all 30 patients (p Ͻ 0.001) and an increase in nerve signal in 23 of 30 (p Ͻ 0.05) after surgery. Marked changes were seen in the reconstructed sagittal images, with confirmation of division of the flexor retinaculum (Fig. 3) and enlargement of the nerve at the previous site of compression in all patients. Additional features seen on axial imaging that were not formally scored were a low signal halo appearing around the decompressed median nerve, which may represent restoration of the normal fat plane (Fig. 4) ; the ability to see individual nerve fascicles postoperatively that were not seen before decompression; and clear division of the flexor retinaculum.
These results of median nerve MR neurography indicate that when there is evidence of median nerve compression, this is associated with a good or excellent outcome after surgery (83%). Only one patient in our series had a poor outcome at 3 months; in this case only mild compression was seen on MR imaging, and there was clinical evidence of severe carpal tunnel syndrome with thenar wasting. An individual feature of preoperative median nerve imaging directly associated with outcome was low signal in the distal nerve (p Ͻ 0.007); a low T 2 signal in this nerve was associated with a worse outcome. No feature of the postoperative imaging taken by itself was correlated with outcome; however, in all cases decompression of the median nerve could be confirmed. The strongest factor correlating with clinical outcome at 3 months was the Gelberman stage (p Ͻ 0.01 according to the Pearson correlation).
Results of Electrophysiological Studies
In all patients, abnormalities on their electrophysiological studies were strongly suggestive of carpal tunnel syn- drome before surgery; however, none of these individual variables could be significantly correlated with outcome or the changes seen on MR neurography. Comparison of the mean electrophysiological values before and after surgery revealed an improvement in motor latency, but not back to normal levels (Fig. 5) . Thus, many patients in the study who had minor residual symptoms (15 with good or fair outcome) also had persistent abnormalities in their electrophysiological parameters, including motor amplitude and sensory velocity and amplitude in all 15 patients in this subgroup.
Discussion
The patients selected for this study had clinical and electrophysiological evidence of carpal tunnel syndrome, and for them either conservative treatment had failed or they had chosen to have surgical treatment. Thus, the patients studied generally represented those with worse Gelberman grades and more severe electrophysiological changes.
The preoperative data generally support the work of Britz, et al., 4 with MR neurography providing both sensitivity and specificity in the diagnosis of carpal tunnel syndrome. Again, similar to findings in their study, no correlation was seen between the severity of carpal tunnel syndrome, electrophysiological changes, and quantitative parameters measured on the MR neurography studies of the median nerve. As in our study, imaging of the carpal tunnel in control volunteers demonstrated that the cross-sectional area of the median nerve was larger just before it entered the carpal tunnel and that flattening of the nerve within the carpal tunnel was normal. This and other studies have revealed that the median nerve signal remains constant through the carpal tunnel in normal nerves. 2, 16 Many of the changes in both the size of the nerve and signal intensity in carpal tunnel syndrome are thought to be caused by changes in the blood supply and venous drainage of the nerve. Experimental models show that nerve compression results in early reduction in epineural blood flow, with resultant perineural edema; eventually axonal blood flow is affected, with a subsequent reduction in intraneural blood flow and associated edema. The intrafascicular edema eventually produced by this process would almost certainly manifest on the MR neurography images as nerve swelling and hyperintensity due to increased T 2 signal. The prestenotic swelling and signal change of the nerve at the level of the pisiform bone is most likely a result of the proximal spread of edema. Other mechanisms proposed to account for the changes in nerve configuration include alterations in axoplasmic flow, 19, 20 with accumulation of axoplasm causing the changes demonstrated on MR neurography. The most significant feature on preoperative imaging that was associated with outcome was signal intensity in the distal median nerve (Pearson correlation, p Ͻ 0.007). This indicates that if the T 2 -weighted signal was markedly reduced in the distal (hamate) portion of the median nerve, there may have been permanent damage to the nerve, perhaps caused by long-standing compression. In this study we found sagittal images to be excellent for identifying the site of compression and proximal hyperintensity. This was particularly useful in one patient with persistent carpal tunnel syndrome in whom decompression was performed at another center. By using MR neurography in this patient, we were able to confirm that residual flexor retinaculum was causing nerve compression; the patient's median nerve was successfully reexplored, and the flexor retinaculum was divided completely. Despite this finding, the grade of sagittal compression was not significantly associated with outcome; interestingly, in the one patient with a poor outcome only mild nerve compression was observed on sagittal imaging.
Magnetic resonance neurography of the median nerve after surgery confirmed its decompression, with a significant reduction in both nerve T 2 signal and in proximal swelling. Again, on sagittal images we were clearly able to confirm division of the flexor retinaculum and the associated expansion of the nerve into the operative site in all patients. The electrophysiological parameters improved to some degree in almost all patients, although the readings remained abnormal 3 months postsurgery. This is in contrast to MR neurography, which clearly demonstrates successful nerve decompression at 3 months. Because many patients remain symptomatic to some degree at 3 months, MR neurography may be used to confirm successful median nerve decompression before clinical and electrophysiological testing.
Conclusions
The findings in this study indicate that MR neurography of the median nerve is an accurate means of assessing patients with carpal tunnel syndrome, providing good sensitivity and specificity. After surgical decompression of the median nerve this modality can be used to confirm a successful result and to demonstrate changes in the nerve's signal intensity and dimensions. Although specialized MR imaging of the median nerve in carpal tunnel syndrome may not be indicated as part of the routine assessment of patients in whom this condition is suspected, this method may be of use in the investigation of unconfirmed or complex cases and in cases in which surgical treatment has failed to improve the outcome.
